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INCREASING THE HYDROPHILICITY OF
CARBON FIBER PAPER BY
ELECTROPOLYMERIZATION

FIELD OF THE INVENTION

The invention relates to the electrodeposition of conduc-
tive polymers onto porous electroconductive substrates. In
particular, this mnvention relates to the preparation of hydro-
philic carbon fiber paper for use 1n water management in fuel
cells.

BACKGROUND OF THE INVENTION

Fuel cells have been proposed as a power source for
clectric vehicles and other applications. An exemplary tuel
cell has a membrane electrode assembly (MEA) with cata-
lytic electrodes and a proton exchange membrane (PEM)
sandwiched between the electrodes. Diffusion media made
of porous conductive material may be used on the cathode
and anode side to improve cell operation.

Water management 1s an important concern in operation
of Tuel cells. For example, water 1s generated at the cathode
clectrode based on the electrochemical reactions between
hydrogen and oxygen occurring within the MEA. Water 1s
needed for and 1s depleted by transport of protons from the
anode through the PEM to combine with oxidant at the
cathode. In addition, the proton conductivity of the PEM 1s
heavily dependent on 1ts state of hydration. For these and
other reasons, etlicient operatlon of a fuel cell depends on
the ability to provide eflective water management in the
system, for example to control transport of water away from
generation sites on the cathode to prevent flooding, and to
cool the fuel cell to prevent overheating.

In part to improve water management, diffusion media
have been mntroduced between the electrodes and imperme-
able members such as a bipolar plate that separate cells

within a stack. Carbon fiber paper 1s useful 1n these appli-
cations, as 1t 1s conductive and can maintain electrical
connections 1n the cell.

Optimum water management calls for a balance of hydro-
philic and hydrophobic properties 1n fuel cell components
such as carbon fiber paper diffusion media. Because carbon
paper has a relatively low surface energy, and 1s not readily
wetted by water, 1t would be desirable to provide a method
for increasing the hydrophilicity of such material so that 1t
could be adapted for providing better water management and
cooling 1n fuel cells.

SUMMARY OF THE

INVENTION

The present invention provides methods for increasing the
hydrophilicity of carbon fiber paper by electrodepositing an
clectroconductive polymer onto the paper. The product of
the method 1s a carbon fiber paper with the electroconduc-
tive polymer deposited on the carbon fibers of the paper, for
example as a thin film. The polymer may be deposited from
a solution of monomers by electrochemical polymerization.

A tuel cell 1s also provided containing the polymer-coated
hydrophilic carbon paper as a wicking material or diflusion
medium. The fuel cell contains an anode, a cathode, and a
proton exchange membrane disposed between anode and
cathode. Wicking material 1s disposed 1n a fluid distribution
chamber adjacent the cathode, the anode, or both.

Further areas of applicability of the present invention will
become apparent from the detailed description provided
hereinafter. It should be understood that the detailed descrip-
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tion and specific examples, while indicating the preferred
embodiment of the imnvention, are intended for purposes of
illustration only and are not intended to limit the scope of the
invention.

DETAILED DESCRIPTION OF TH.
PREFERRED EMBODIMENTS

T

The following description of the preferred embodiment(s)
1s merely exemplary 1n nature and 1s 1n no way intended to
limit the invention, 1ts application, or uses.

In one embodiment, a hydrophilic material 1s provided
that 1s made of an electroconductive porous substrate and an
clectroconductive polymer deposited on the substrate. The
clectroconductive polymer may be deposited on the paper
from a solution of monomers by a process of electrochemi-
cal polymerization or electropolymerization.

In various embodiments, the hydrophilic material 1s used
as a diffusion medium 1n a PEM fuel. The diffusion medium
comprises an electroconductive porous substrate such as a
carbon fiber paper and an electroconductive polymer depos-
ited or coated on the substrate.

Advantageously, the electrocoated porous substrate
exhibits a surface Iree energy greater than that of an
untreated carbon fiber paper. Untreated carbon fiber paper
generally has a surface free energy of about 50 dyne/cm. In
a preferred embodiment, the coated substrate of the inven-
tion has a surface free energy greater than 50 dyne/cm,
preferably greater than 60 dyne/cm. In other embodiments,
porous media usetul as wicking material or diffusion media
in fuel cells 1s provided having a surface tension of greater
than 70 dyne/cm, and 1n other embodiments greater than 80
dyne/cm. In various embodiments, the surface tension 1is
greater than 72 dyne/cm. The surface Iree energy depends 1n
part on the extent of coating or deposition by the electro-
conductive polymer, as discussed further below.

Carbon fiber paper 1s well-known 1n the art and 1s com-
mercially available, for example from Toray Carbon Fibers.
The paper takes the form of a non-woven fabric made of
carbon fibers, and may be made 1n a variety of densities and
thicknesses. In various embodiments, the density of the
paper is from about 0.4 g/cm’ to about 0.6 g/cm’, the
thickness of the paper 1s from about 100 to about 1000
micrometers, and the porosity 1s from about 70% to about
80%.

In various embodiments, the hydrophilic material 1s made
by a process ol electrochemical polymerization. In the
process ol the invention, an electroconductive porous
medium such as a carbon fiber paper 1s used as the working
clectrode of an electrochemical cell. The carbon fiber paper
anode 1s immersed 1n a solution of monomers and electro-
lyte. A positive potential 1s applied to the working electrode,
and the conductive polymer 1s formed by anode coupling of
monomer radical cations (for example, pyrrole radical cat-
ions to form polypyrrole at the 2,5 position). The formation
of the conductive polymer and surface properties of the
coating are dependent on the monomer concentration, elec-
trolyte concentration, and the reaction conditions.

Suitable monomers include those known to form electro-
conductive polymers upon polymerization at an anode hav-
ing a voltage above the oxidation potential of the monomer.
Non-limiting examples of such monomers include pyrrole,
thiophene, aniline, furan, azulene, carbazole, as well as
substituted derivatives of these. Substituted derivatives
include 1-methylpyrrole, and various 3-substituted pyrroles,
thiophenes, and furans. Non-limiting examples of 3-substi-
tuted thiophenes include, for example, p-alkyl thiophene,
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3-bromo thiophene, -CH,CN thiophene, and [3,['-dibro-
mothiophene. Similar substitutions may be provided on a
furan or pyrrole ring. Furthermore, various alkyl, halo, and
other substituted azulenes and carbazoles may be used. As
noted above, the carbon fiber paper 1s set up as the working
clectrode, or anode, during the electropolymerization. Suit-
able counter-clectrodes are also provided and a standard
calomel reference electrode (SCE) may be placed close to
the working electrode. The carbon fiber paper may be
clectrically coupled to a current collector such as a metal
fo1l, or may be connected directly into the circuit by suitable
clips, leads, or other devices. The counter-electrodes and the
working electrodes are generally immersed i1n the same
clectrolyte. The compartment in which the anode 1s held
turther contains a suitable concentration of polymerizable
monomers.

In general, the concentration of the polymerizable mono-
mers may be chosen over a wide range depending on the
conditions of polymerization. It 1s to be understood that the
rate of polymerization and the extent of incorporation of the
polymer onto the carbon fiber surface will be determined in
part by the concentration of the monomer. Suitable mono-
meric concentrations include concentrations between about
0.01M and the upper solubility limit of the monomer. In
various embodiments, a maximum concentration of about
1.5 M of the polymerizable monomer i1s used. In various
other embodiments, the monomer concentration 1s at least
about 0.1 M, or 1s 1n the range of about 0.5 M to about 1.5
M.

The electropolymerization compartments also contain a
suitable level of electrolyte. A wide variety of electrolytes
may be used, and the concentration of the electrolyte 1s
chosen depending on the other characteristics of the elec-
trochemical cell and the other reaction conditions. Prefer-
ably, the electrolyte concentration 1s chosen so that charge
transier through the cell by means of the electrolyte mol-
ecules 1s not rate limiting. As with the monomers, the
concentration of the electrolyte may range from about 0.01
M up to 1ts solubility limit 1n the solvent. Preferably elec-
trolytes are used 1n a range between about 0.01 M and about
1.5 M, preferably from about 0.1 M to about 1.0 M. A
preferred solvent 1s water.

The electrolyte may be chosen from molecules or mix-
tures of molecules that contain a molecular charge and can
carry electrons through the solution between the electrodes.
Commonly used electrolytes include sulfonic acids and
sulfonates such as, without limitation, camphor sulfonic
acid, para-toluene sulfonic acid, dodecyl benzene sulfonic
acid, sulturic acid, alizarin red S-monohydrate, and their
salts, especially the sodium salts. The structure and concen-
tration of the electrolyte will aflect the surface free energy
of the coated carbon fibers.

The electroconductive polymer 1s deposited onto the
anode carbon fiber paper by passing current through the
polymerization compartment for a time to oxidize a suihi
cient amount of monomer to react to form the electrocon-
ductive polymer on the carbon fiber surface. The reaction
time for deposition of the polymer will depend on many
factors, such as the temperature of the cell, the concentration
of monomer and electrolyte, the configuration of the cell,
and the desired extent of incorporation of polymer onto the
carbon fiber paper. Typical reaction times range from a few
seconds to tens of minutes. In various embodiments, a
relatively low deposition current is preferred to achieve a
low polymerization rate and a homogeneous coating. It 1s
usually preterred to provide reaction parameters such that
the reaction time 1s suitably short for economic operation of
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the process, consistent with the formation of a homogeneous
conductive polymer coating on the fibers. In a preferred
embodiment, cell parameters and reaction conditions are
chosen to provide for a reaction time from about 0.5 minutes
up to about 30 minutes, preferably about 1 minute up to 10
minutes. By varying the parameters just as discussed, coated
carbon fiber papers having a surface free energy from just
above that of uncoated carbon fibers to more than 80
dyne/cm may be prepared.

Electropolymerization 1s carried out with the anode held
at voltage above the oxidation potential of the polymerizable
monomer. Above that voltage, an applied voltage may be
chosen consistent with the reaction time, surface free energy,
monomer concentration, electrolyte concentration, reaction
temperature and other parameters. As a practical matter, the
applied voltage should be less than the voltage that would
hydrolyze the water in the electrochemical cell. In various
embodiments, the applied voltage 1s 1n the range from about
0.5 to about 2.5 volts. Various counter electrodes may be
used, such as platinum mesh, titantum mesh, and graphite
blocks.

In a preferred embodiment, the electropolymerization 1s
carried out by using a pulse deposition technique. For
example, by setting a potentiostat to deliver a pulse voltage
(square wave function at a certain frequency), build up of
polymer and clogging of the pores 1n the carbon fiber paper
can be mimmized or avoided. During the cycle when the
voltage 1s applied, the monomer 1s oxidized at the surface of
the anode and deposits as an electroconductive polymer on
the surface. At the same time, the volume of electrolyte
around the surface 1s temporarily depleted of monomer.
When the voltage cycle 1s ofl, reaction stops, and the
concentration of monomer can become re-established at the
surface of the anode by diffusion from the bulk of the anode
cell electrolyte. When the voltage i1s again turned on, the
monomer 1s oxidized at the anode surface and electrocon-
ductive polymer 1s deposited as before. The duration of the
voltage or current pulses may be chosen to optimize the rate
and uniformity of the formation of the electroconductive
polymers on the surface. For example, the frequency of
pulses may be selected from about 0.1 Hz to about 0.001 Hz.
The percent on/ofl time during a cycle may also vary. In a
typical embodiment, the on/off cycle time 1s 50/50.

The surface free energy and other useful physical char-
acteristics of the coated carbon fiber paper depend on the
amount ol polymer that 1s electropolymerized onto the
surface. In various embodiments, a wicking material com-
prises a carbon fiber paper coated with from about 3% to
about 30% by weight of an electroconductive polymer, or
from about 3% to about 15% by weight. In a preferred
embodiment, the thickness of the polymer coating 1s about
5% to about 10% of the diameter of the carbon fibers.

In a process for making the coated carbon fiber paper of
the mvention, preferred monomers for the electropolymer-
ization include pyrrole and aniline. In this embodiment, a
polypyrrole or polyaniline thin film 1s deposited onto the
surface of the carbon fibers 1n the carbon fiber paper.
Generally a small amount of electrolyte 1s also incorporated
into the electrodeposited conductive polymer, which can be
used to tailor the conductivity and surface free energy of the
polymer coating.

Wicking material made by the above-described process 1s
more hydrophilic than uncoated carbon fiber paper, and
functions to absorb or wick water at an increased rate.

In another embodiment, wicking material described above
1s used as a diffusion medium 1n an electrochemical tuel cell
to provide integrated water management. Such water man-
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agement functions include: moving water away from wet
areas such as the cathode side of the fuel cell, where 1t 1s
generated as a product i the fuel cell electrochemical
reaction; transporting water internally to any relatively dry
areas along the cathode side; providing cooling for the fuel
cell; and humiditying the proton exchange membrane
(PEM) of the membrane electrode assembly (MEA). The
wicking material preferably transports liquid by wicking
(1.e. capillary action) alone, and does not require external
pumping for such liquid transport.

In various preferred embodiments, diffusion media of the
invention are used 1n fuel cells. Exemplary fuel cells com-
prise an anode, a cathode, and a proton exchange membrane
(PEM) disposed between the anode and the cathode. Imper-
meable electrically conductive members are provided adja-
cent the cathode and anode, and together with the respective
clectrodes define fluid distribution chambers associated with
the cathode and anode, respectively. A diffusion medium
such as described above 1s disposed in one or both of the
fluad distribution chambers.

Individual proton exchange membrane (PEM) fuel cells
according to one preferred embodiment of the present inven-
tion are usually connected to form a fuel cell stack. Each
PEM fuel cell has a membrane-electrode-assembly (MEA),
and the cells are separated from one another by electrically
conductive, impermeable separator plates. The MEA con-
tains an anode, a cathode, and a proton exchange membrane
disposed between the anode and cathode. In a multiple tuel
cell stack, a preferred bipolar separator plate typically has
two electrically active sides, each active side respectively
facing a separate MEA, 1.e. adjacent the cathode of one
MEA and the anode of the other. As described herein, the
tuel cell stack has conductive bipolar separator plates 1n a
stack with multiple fuel cells, however the present invention
1s equally applicable to conductive separator plates within a
stack having only a single fuel cell. Gas-permeable conduc-
tive diffusion media press up against the electrode faces of
the MEAs. When the fuel cell stack 1s assembled, the
conductive gas diffusion layers assist 1n even distribution of
gas across the electrodes of the MEAs and also assist 1n
conducting electrical current throughout the stack, in addi-
tion to their water management functions described above.

During operation, oxygen 1s supplied to the cathode side
of each fuel cell 1n the stack, while hydrogen i1s supplied to
the anode side. Alternatively, air may be supplied to the
cathode side from the ambient, and hydrogen to the anode
from a methanol or gasoline reformer, or the like.

EXAMPLE

Polyaniline can be coated on carbon fiber paper (Toray
TGP HO060: about 180 um thick, 7 um fiber diameter and
75% porosity) i camphor sulfonic acid electrolyte. The
solution contains 0.5 M aniline and 0.1 M camphor sulfonic
acid 1 water. A piece of 3"x3" Toray HO60 carbon fiber
paper was placed in the middle of the plating bath as
working electrode. Two pieces of graphite blocks are placed
on each side of the carbon fiber paper, which are about 1.5
apart from the carbon paper surtface. An SCE electrode 1s
placed near the carbon paper surface as reference electrode.

The electropolymerization process 1s performed with a
Potentiostat using either of the following methods: 1) a
constant potential of 0.8 V 1s applied until the desired
loading 1s achieved; 2) a square wave of applied voltage
(between 0.8 V and 0.3 V at 0.01 Hz, 50/50 duration) can be

applied to achieve the desired loading.
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The loading of the conductive polymer can be estimated
by the charge passed through the deposition cell after
calibrating deposition efliciency (pass a known amount of
current or charge through the system and then rinse and dry
the sample to measure the weight gain). For example, 1n the
polyaniline camphor sulfonic acid system, 0.57 coulombs
corresponds to about 2 mg polyaniline doped with camphor
sulfonic acid. The reaction can be stopped when the desired
loading 1s achieved based the charge recorded by the Poten-
tiostat.

The description of the mvention 1s merely exemplary 1n
nature and, thus, variations that do not depart from the gist
of the mvention are intended to be within the scope of the
invention. Such variations are not to be regarded as a
departure from the spirit and scope of the ivention.

What 1s claimed 1s:

1. A method for making a hydrophilic wicking fuel cell
diffusion medium comprising:

exposing a carbon fiber substrate to a solution comprising,

a monomer and an electrolyte, wherein the concentra-

tion of monomer 1s from about 0.5 M to about 1.5 M

and the concentration of electrolyte 1s from about 0.01

M to about 1.5 M; and

clectropolymerizing the monomer to form an electrocon-

ductive polymer on the carbon fiber substrate, wherein

clectropolymenizing includes:

providing the carbon fiber substrate as the anode of an
clectrochemical circuit including a counter-elec-
trode;

applying a positive potential to the anode using a pulse
voltage, the pulse voltage including a square wave
function having a frequency from about 0.1 Hz to
about 0.001 Hz, wherein the anode 1s at a voltage
above the oxidation potential of the monomer;

thereby oxidizing the monomer to form the electrocon-
ductive polymer on the carbon fiber substrate sur-
face.

2. A method according to claim 1, wherein the carbon
fiber substrate has a density from about 0.4 g/cm” to about
0.6 g/cm”.

3. A method according to claim 1, wherein the carbon
fiber substrate has a thickness from about 100 to about 1000
micrometers.

4. A method according to claim 1, wherein the carbon
fiber substrate has a porosity from about 70% to about 80%.

5. A method according to claim 1, wherein the monomer
1s selected from the group consisting of pyrrole, thiophene,
antline, furan, azulene, carbazole, substituted derivatives
thereof, and combinations thereof.

6. A method according to claim 1, wherein the monomer
1s selected from the group consisting of (3-alkyl thiophene,
B-bromo thiophene, P-CH,CN thiophene, [, [3-dibro-
mothiophene, and combinations thereof.

7. A method according to claim 1 wherein the electrolyte
1s selected from the group consisting of camphor sulfonic
acid, para-toluene sulifonic acid, dodecyl benzene sulfonic
acid, sulfuric acid, alizarin red S-monohydrate, salts thereof,
and combinations thereof.

8. A method according to claim 1, wherein the hydrophilic
wicking material produced has a surface free energy of more
than 80 dyne/cm.

9. A method according to claim 1, wherein the applying
step includes a voltage from about 0.5 V to about 2.5 V.

10. A method according to claim 1, wherein applying a
positive potential to the anode using a pulse voltage further
comprises a percent on/ofl time of 50/50.
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11. A method according to claim 1, wherein the electropo- clectropolymerizing the aniline to form polyaniline on the
lymerizing step results 1n the carbon fiber substrate coated carbon fiber substrate, wherein electropolymerizing
with from about 3% to about 30% by weight of the elec- includes:
troconductive polymer. providing the carbon fiber substrate as the anode of an

12. A method according to claim 1, wherein the electropo- 5 clectrochemical circuit including a standard calomel
lymerizing step results in the electroconductive polymer reference electrode;
having a thickness from about 3% to about 10% of the applying a positive potential to the anode comprising a
diameter of the carbon fibers. square wave ol applied voltage from 0.3 V to 0.8 V;

13. A method for making a hydrophilic wicking fuel cell thereby oxidizing the aniline to form polyaniline on the
diffusion medium, comprising 10 carbon fiber substrate surface.

exposing a carbon fiber substrate to a solution comprising,
aniline and camphor sulfonic acid electrolyte; and I N
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